Functional genomics research can give us valuable insights into bacterial gene function. RNA Sequencing (RNA-seq) can generate information on transcript abundance in bacteria following abiotic stress treatments. In this study, we used the RNA-seq technique to study the transcriptomes of the opportunistic nosocomial pathogen Pseudomonas aeruginosa PAO1 following heat shock. Samples were grown at both the human body temperature (37 C) and an arbitrarily-selected temperature of 46 C. In this work using RNA-seq, we identified 133 genes that are differentially expressed at 46 C compared to the human body temperature. Our work identifies some key P. aeruginosa PAO1 genes whose products have importance in both environmental adaptation as well as in vivo infection in febrile hosts. More importantly, our transcriptomic results show that many genes are only expressed when subjected to heat shock. Because the RNA-seq can generate high throughput gene expression profiles, our work reveals many unanticipated genes with further work to be done exploring such genes products.
INTRODUCTION
Pseudomonas aeruginosa is an opportunistic nosocomial pathogen which is a threat to public health (Lyczak, Cannon & Pier, 2000) . Its success as a pathogen is due to being well adapted to changes in environmental factors (Cheng et al., 2014; Livermore, 2002) . Due to this versatility, its virulence determinants and host factors P. aeruginosa is the known causal agent in a myriad of human diseases (Cheng et al., 2014) .
P. aeruginosa has previously been shown to thrive in hostile environments and has a rapid response and adaptation to abiotic stresses such as elevated and reduced temperature (Farrell & Rose, 1968; Schurr et al., 1995) . This rapid adaptation of P. aeruginosa is accompanied by changes in its genomic regulatory network modulating the global expression and activities of genes essential for their survival (Burrowes et al., 2006;  to recognise the heat shock genes which are crucial for its adaptation in the drastic change in the surrounding environment (Straus, Walter & Gross, 1990) .
A more recent study carried out on P. aeruginosa isolated from cystic fibrosis (CF) patients small heat shock proteins (sHSPs), namely Hp25 and Hp18, were discovered. These sHSPs were highly expressed under both standard laboratory conditions and conditions that mimicked the sputum-like environment of the CF patients. The authors suggest that the discovery of the sHSPs in both conditions was due to the proteins acting as molecular chaperones helping with the adaptability of P. aeruginosa to diverse environments (Sriramulu, 2009) . Under stressful conditions, these sHSPs interact with affected proteins, preventing their aggregation, with the process continuing with the aid of chaperone proteins (Wang & Spector, 2000) .
In order to understand the heat shock response of Pseudomonas, several studies on other species in the Pseudomonas genus have been carried out. A study conducted on Pseudomonas syringae shows that the expression of dnaK increased significantly when cells that were initially incubated at 18 C were transferred to 35 C. However, the results indicated that although P. syringae responded by producing DnaK, it did not help in adjusting to the gradual change to an elevated temperature (Keith, Partridge & Bender, 1999) . In another study in Pseudomonas putida KT2442, the role of several molecular chaperones, namely ClpB, DnaJ, CbpA, and DjlA, were elucidated. The increase in the expression heat shock proteins (Hsps) mentioned was not significant when transferred from 30 to 33 C. However, when shifted to 35 C the expression of the DnaJ, GroEL, HtpG, and ClpB was increased. At larger temperature shifts up to 42 C, expression of these Hsps was increased further. At a more elevated temperature of 45 C, expression of DnaK, GroEL, and HtpG increased only during the first 10 min while the expression of ClpB continued to increase (Ito et al., 2014) . Next Generation sequencing (NGS) has been proven to be an invaluable technology to study bacteria genomes (Chan, Yin & Lim, 2014; Chan et al., 2013; Chan et al., 2012; Forde et al., 2014; Lau, Yin & Chan, 2014; . In particular RNA-seq can provide a complete coverage of protein-coding genes, intergenic regions and non-coding RNA and small, regulatory RNA populations in a given genome (Wang, Gerstein & Snyder, 2009) . Over the past decade, the heat stress responses of other Pseudomonas species have been extensively studied. Not much work has been done to investigate the transcriptional response of P. aeruginosa PAO1 to elevated temperature using NGS methodologies. To address this, we have used the RNA-seq technique to look at changes in the transcriptome of P. aeruginosa PAO1 exposed to heat shock. Previous heat shock studies have shown that a temperature difference of at least 15 C between the normal and elevated growth temperature provides the best information (Ito et al., 2014) . With reference to that study, we chose to grow P. aeruginosa PAO1 at 37 and 46 C.
MATERIALS AND METHODS
Culture conditions and growth study
Growth of P. aeruginosa PAO1 was determined at 37 and 46 C. Briefly, P. aeruginosa PAO1 was cultured for 18 h at 37 C. The overnight grown culture was adjusted to OD 600 of 0.01. Aliquots of cells (200 mL) were then dispensed into wells of a sterile 96-well microtitre plate (Priya, Yin & Chan, 2013; Tan, Yin & Chan, 2013 ) and incubated at 37 and 46 C, respectively. The OD 600 was measured at intervals of 4 h for 24 h using a microplate reader (Tecan Infinite M200, Mannerdorf, Switzerland). The growth of P. aeruginosa at 37 and 46 C was also determined by looking at its colony forming unit (CFU). The CFU count at the stipulated temperature was determined at desired time points. Briefly, 100 mL of the cultures grown at 37 and 46 C were serially diluted and 100 mL diluted cultures were plated on Luria-Bertani Agar (LB). The plates were incubated at 37 C for 18 h before the determination of CFU per mL.
Heat shock treatment of P. aeruginosa PAO1 P. aeruginosa PAO1 cells were taken from -80 C stock cultures and grown on LB agar in order to obtain pure colonies. These were subsequently inoculated into fresh sterile LB broth for 18 h at 37 C with shaking at 220 rpm. Overnight seed cultures were then sub-cultured (1 mL) into 100 mL of fresh, sterile LB broth and grown to mid-exponential phase (OD 600 = 0.5) at 37 C. The 10 mL of culture was then transferred into sterile tube (50 mL volume tube) pre-warmed at 37 and 46 C, respectively, and immediately exposed to heat shock for 30 min (with shaking) by incubating in water baths pre-heated to 37 and 46 C, respectively. This was followed immediately by RNA extraction. Experiments were performed in triplicate.
RNA extraction and cDNA synthesis
Total RNA was extracted using MasterPure TM RNA Purification Kit (Epicentre, WI, USA) as per the manufacturer's instructions. Precipitated RNA samples were resuspended in sterile RNase-free water. Purity of RNA samples was assessed using a NanoDrop 2000 Spectrophotometer (Thermo Scientific, MA, USA) and only samples with A 260 /A 280 and A 260 /A 230 values > 2.0 were chosen for further work. The quality of the extracted RNA samples was also determined using an Agilent Bioanalyzer-RNA 6000 Pico Kit (Agilent Technologies, CA, USA). RNA samples with RNA Integrity Numbers (RIN) of value > 7.5 were chosen for rRNA depletion using Ribo-Zero TM rRNA Removal Kits (Bacteria) (Epicentre, WI, USA) prior to cDNA synthesis. Samples were then checked for the loss of intact rRNA using Agilent Bioanalyzer. Synthesis of cDNA was performed using the protocols of ScriptSeq TM v2 RNA-seq Library Preparation Kit (Epicentre, WI, USA). The quality of the RNA-seq cDNA library was confirmed using Agilent Bioanalyzer-High Sensitivity DNA Chip.
cDNA library preparation and RNA-seq Quantification of the RNA-seq transcriptome library was performed using a Qubit Ò dsDNA High Sensitivity (HS) Assay Kit (Life Technologies, CA, USA) and normalised to a concentration of 4 nM. Normalised samples were denatured with 0.2 N NaOH and diluted 20 pM using pre-chilled Hybridisation Buffer (HT1) (Illumina, CA, USA). The 20 pM transcriptome libraries were further diluted to 10 pM with pre-chilled HT1 buffer and combined with 1% denatured and diluted PhiX control prior to sequencing using MiSeq platform.
All resulting nucleotide sequence accession number is available in public databases. The DNA sequences from this transcriptomics project has been deposited at Sequence Read Archive (NCBI/SRA) under the accession number SRP066875. The transcriptome data have been deposited in BioProject in GenBank via Bioproject number PRJNA304652.
Validation of RNA-seq using real time-PCR (RT-PCR)
RT-PCR was performed to quantify and validate the level of P. aeruginosa PAO1 gene expression that were affected when exposed to an elevated temperature. P. aeruginosa PAO1 cells were subjected to heat shock and their RNA was extracted once again as an independent experiment to determine the reproducibility of the data. One microgram of RNA was reverse transcribed into cDNA using the QuantiTect Reverse Transcription Kit (Qiagen, USA). For the quantitative RT-PCR, the amplification was performed using the KAPA SYBR Ò FAST qPCR Kit Master Mix Universal (Kapa Biosystems, USA) on the Bio-Rad CFX96 real-time system (Bio-Rad, CA, USA). Genes from the upregulated and downregulated gene list obtained from RNA-seq result were selected and the primers for the genes were designed using Primer 3 version 0.4.0 (http://bioinfo.ut.ee/primer3-0.4.0/). The RT-PCR condition used was as follows: initial denaturation at 95 C for 3 min, followed by a 40 cycles of denaturation at 95 C for 3 s and annealing/extension at 55.7 C for 30 s. The fluorescent signals were quantified at the end of each cycle. Data obtained were analysed using the Bio-Rad CFX Manager TM Software version 1.6. Reference genes with expression stability values (M value) of less than 0.7 were selected as reference genes for normalisation. The selected reference genes were cheZ, proC, recA, rpoB, gyrB, oprL, and plsY (Matthijs et al., 2013; Savli et al., 2003) . Upregulated genes: clpB, dnaJ, dnaK and grpE and downregulated genes: tssG1, hsiC2 and pilA were selected.
Differential expression analysis
RNA-seq read quality assessment was done using FastQC (version 0.11.2) (Andrews, 2010;  Babraham Bioinformatics, Cambridge, UK). The dataset was analyzed using tuxedo suite protocol for differential gene expression analysis (Trapnell et al., 2012) . Tophat (version 2.0.11) was used to align the paired end reads against P. aeruginosa PAO1 reference genome (GenBank accession number AE004091). Cuffdiff2 (version 2.2.0), one of the subprograms in cufflinks package was used for differential expression purpose (p corrected value/q 0.05) [18] . Fold change of the expression profile was measured using log 2 FPKM (Fragments per Kilobase of transcript per Million mapped reads). For QC and generation of plots expression, we used Volcano, Box, Scv, Density, Scatter plot, PCA and heat map as available in the R package cummeRbund (version 2.6.1) based on output from cuffdiff2. For RNA-seq analysis, the total number of reads per gene between samples was normalized using FPKM (Trapnell et al., 2010) .
RESULTS

Survival studies
To study the heat shock response of the nosocomial pathogen P. aeruginosa PAO1, we first determined the growth of P. aeruginosa PAO1 at 37 and 46 C (Fig. 1) . Growth curve studies revealed that P. aeruginosa PAO1 could adapt to temperature at 46 C ( Fig. 1) .
Following a 30 min heat shock, the CFU count for P. aeruginosa PAO1 at 37 and 46 C were 1.37 Â 10 8 and 1.33 Â 10 8 , respectively. The growth rate of P. aeruginosa PAO1 grown at 37 and 46 C declined over 24 h and it appears that 46 C has adverse effect on the growth of P. aeruginosa PAO1 (Table 1) . In order to understand the cellular response of P. aeruginosa PAO1 to heat shock, we utilised an RNA-seq approach to study transcriptome changes. Experiments were carried out in triplicate with cells grown at 37 C followed by heat shock at 46 C for 30 min. More than 90% of all trimmed RNA-seq reads aligned to coding regions of the P. aeruginosa genome (Table 2) . Overall expression levels in the triplicate samples of both control and heat Figure 2 Comparison of significant gene expression between P. aeruginosa PAO1 samples with (Heat) and without heat shock (Control). The significant level whether it is highly similar is made based on figures generated with p corrected value 0.05. shock samples were similar to each other (Fig. 2) . The significant level whether it is highly similar is made based on figures generated with p corrected value 0.05. The RNA-seq data obtained therefore have sufficient quality for further transcriptome analysis. Further analysis among the triplicates of each heat treatment experiments at 37 and 46 C showed that the RNA-seq datasets from similar treatments clustered together, as depicted in the PCA plot (Fig. 3) . The significant level whether it is clear profile separation is made based on figures generated with p corrected value 0.05. This indicates that experimental replication was good and there was little variation among the triplicates of the same treatment.
In total 133 genes were significantly differentially expressed when P. aeruginosa PAO1 cells were grown under heat shock at 46 C (Data S1). Tables 3 and 4 show the list of the significant up-and downregulated genes with a cut-off value of q < 0.05. The volcano plot (Fig. 4) indicates the genes affected by the heat shock at 46 C. The red dots in the volcano plot represents the 133 significant genes (q 0.05) while the black dots represent 5,545 non-significant genes. The Box plot (Fig. 5) shows that P. aeruginosa PAO1 gene global expression at 37 C is slightly lower than at 46 C suggesting that when exposed to elevated temperature.
P. aeruginosa PAO1 cells respond to heat very quickly (within 30 min). There is a large variance in the response of P. aeruginosa PAO1 genes to heat shock at 46 C, as evidenced by the large scatter of values along the vertical axis in Fig. 5 . Nonetheless, the median for gene expression values is still higher in P. aeruginosa PAO1 cells subjected to heat shock at 46 C compared to 37 C. Our transcriptome analysis therefore shows that several genes in P. aeruginosa PAO1 are temperature-dependent (Fig. S1 ). A number of P. aeruginosa PAO1 genes are regulated by temperature
Of the 133 differentially expressed genes identified (q 0.05 fixed as the cut-off values), 55 genes were upregulated (Table 3 ) and 78 genes were downregulated (Table 4 ). The gene most upregulated under our 30 min heat shock experiment at 46 C was clpB. ClpB is a well-known heat shock gene in bacteria. In our study, its expression was much higher than all other heat shock genes (log 2 fold change of 4.896). Another highly upregulated gene was one of unknown function. Therefore, its role in heat shock response needs to be further investigated. Figure 6 depicts the expression of selected genes quantified using RT-PCR. Expression levels of the genes tested were closely correlated with the data obtained from RNA-seq experiment. Notably, clpB, dnaJ, dnaK, and grpE genes were upregulated while tssG1, hsiC2, and pilA genes were downregulated. However, the expression values obtained by RT-PCR were slightly higher compared to the RNA-seq expression value. This could be due to the use of gene specific primers in the RT-PCR compared to the RNA-seq, which used universal PCR primers for the cDNA amplification step. Additionally, the samples used for RT-PCR were from an independent heat shock experiment, which may account for the slight variation in the overall gene expression values.
DISCUSSION
It is anticipated that bacteria are subject to many abiotic changes in both the external environment and in a mammalian host. One of the frequent abiotic stresses that many pathogens such as P. aeruginosa PAO1 will encounter is elevated temperature. In order to study the P. aeruginosa PAO1 heat shock response, we used RNA-seq coupled with NGS. Figure 6 Expression analysis of P. aeruginosa PAO1 genes using RT-PCR. The expression values of four upregulated (clpB, dnaJ, dnaK and grpE) and three downregulated (pilA, tssG1, and hsiC2) genes as analyzed by RT-PCR. Rreference genes cheZ, proC, recA, rpoB, gyrB, oprL, and plsY, with an M value of less than 0.7 were selected.
We performed a global transcriptional analysis of gene expression after exposing this opportunistic pathogen to heat shock.
The gene most upregulated under our 30 min heat shock experiment was clpB. It has previously been documented that ClpB plays a vital role in the bacterial heat shock response and adaptation to elevated temperatures, being responsible for breaking down massive bacterial protein aggregates (Schirmer et al., 1996) . The levels of ClpB and other chaperones, such as DnaKJ, GrpE, and GroESL, need to be in balance (Kedzierska & Matuszewska, 2001) . In this work, dnaK, dnaJ, groEL were expressed in that descending order, which is in agreement with the work of Kedzierska & Matuszewska (2001) . Another group of genes classified as being involved in damage control and repair were also significantly upregulated. Among these were the genes groEL, grpE and hslU which could potentially provide more protection against the damage caused by heat shock (Mogk et al., 1999; Motohashi et al., 1999; Zolkiewski, 1999) .
The second most highly over expressed gene in the heat shock experiment was PA0779 (asrA gene). Overexpression of asrA has previously been reported to lead to the induction of the heat shock response in P. aeruginosa (Kindrachuk et al., 2011) . Our transcriptome data are there for comparable to the work of Kindrachuk et al. (2011) from two perspectives: (i) The heat shock genes htpG, groES, clpB, dnaJ and hslV but not ibpA gene were induced by overexpression of asrA gene, and (ii) the known heat shock sigma factor rpoH is involved in mediating P. aeruginosa stress response to tobramycin and heat shock through asrA. In the transcriptome of P. aeruginosa PAO1 cells subject to heat shock we observed the upregulation of rpoH, a well-coordinated phenomenon related to the upregulation of PA0779 (asrA gene). It has been reported that the function of AsrA protein goes beyond simply the heat shock response and that it is also a key mediator of tobramycin antibiotic response (Kindrachuk et al., 2011) .
Another interesting finding in our P. aeruginosa PAO1 heat shock experiments is the upregulation of RsmA (Regulator of secondary metabolism > 2-fold). RsmA or CsrA (carbon storage regulator) is a RNA-binding protein that acts as a posttranscriptional regulatory protein in P. aeruginosa. RsmA has been implicated in a number of processes such as the regulation of secondary metabolism, and the expression of several genes related to quorum sensing, motility and virulence determinants (Kay et al., 2006) .
In P. aeruginosa, RsmA has been shown to negatively control the expression of several virulent genes and quorum sensing (Pessi et al., 2001 ). RsmA has also been shown to exert positive effects on swarming motility, lipase and rhamnolipid (Heurlier et al., 2004) . In our work, the quorum sensing gene lasI is significantly downregulated, which is in agreement with the reported work of Pessi et al. (2001) . The flagella cap protein gene fliD was also downregulated in our study. As flagella is one of the required features for swarming in P. aeruginosa (Kohler et al., 2000) it is postulated that motility could be affected by elevated heat.
RsmA coordinates its regulation with a small non-coding regulatory RNA molecule, RsmZ (RsmB) (Timmermans & Van Melderen, 2010) . In this work, rsmZ was downregulated. It has been reported that both positive and negative effects of RsmA are found to be antagonized by RsmZ (Heurlier et al., 2004) . In the light of this finding, it is postulated that several virulence genes can be affected by heat shock. Although the effects of RsmA regulation could be minimised due to the downregulation of rsmZ. Also, in P. aeruginosa, RsmY but not RsmZ, can be bound and stabilized by the RNA chaperone protein Hfq effectively blocking the action of RsmA (Sorger-Domenigg et al., 2007) . In our work, neither RsmY nor Hfq were detected, implying that Hfq is irrelevant in the response of P. aeruginosa PAO1 to elevated temperature.
The major structural component of bacterial cells is the cell wall, which provides physical protection against environmental stresses such as heat shock. Lipopolysaccharide biosynthesis is an important endotoxin and key component of the bacterial cell wall and membrane. In our work, another gene significantly upregulated was waaG, which is responsible for lipopolysaccharide biosynthesis. Suggesting that when exposed to high temperature, P. aeruginosa PAO1 upregulates endotoxin production.
The gene (wbpD) responsible for N-acetyltransferases which is important for O-antigen or O-polysaccharide biosynthesis in P. aeruginosa PAO1 (Wenzel et al., 2005) , and it is this region which confers serum resistance to this pathogen (Rocchetta, Burrows & Lam, 1999) . Our data imply that when exposed to high temperature such as fever condition in the host being infected by P. aeruginosa PAO1, upregulation of genes important for lipopolysaccharide and O-polysaccharide biosynthesis confers endotoxin production and resistant to serum killing, thus providing a means to overcome the host defence. This result also suggests a molecular sensing and response of P. aeruginosa PAO1 on the changes from the environment to the mammalian host and fever condition.
One of the major effects of heat shock in bacteria is a loss of genome integrity. Three major processes, namely DNA replication, DNA recombination, and DNA repair can help to combat this (Klein & Kreuzer, 2002 ) but these processes can also be affected by heat changes (López-García & Forterre, 2000) . Our work showed the upregulation of dnaG, a primase that synthesizes a primer that is essential for DNA replication. We postulate that during heat shock, DNA replication is upregulated, facilitated in part by the dnaG gene. The increase in DNA content helping to maintain genome stability, fidelity and integrity under high heat in this pathogen.
We also found that the RNA polymerase core enzyme gene rpoD was upregulated during heat shock. This is in agreement with previously reported work of Aramaki & Fujita (1999) . The expression of rpoD, together with other sigma factors such as rpoH and rpoB have been well-documented for their role in the fitness of species such as E. coli (Barrick et al., 2010) and P. aeruginosa (MacLean & Buckling, 2009) . The upregulation of rpoB in our work leads us to speculate that this will increase survival fitness enabling P. aeruginosa PAO1 to withstand the deleterious effect of exposure to increased temperature.
The majority of the significantly downregulated genes identified in this study are of unknown functions and will require further analysis. However, some of the top downregulated genes were discovered to be part of the P. aeruginosa type VI secretion system (T6SS). Secretion systems in many prokaryotes vary in terms of their complexity, however these systems incorporate the usage of a single polypeptide to build their path across bacterial cell envelopes (Filloux, Hachani & Bleves, 2008) . We therefore speculate that T6SS is involved in interactions with eukaryotic cells possibly contributing to bacterial pathogenesis. However, the precise roles of the proteins produced by the genes in this system are currently unknown. Two genes belonging to this system tssG1 and hsiC2 were underexpressed. Down regulation of these genes may help P. aeruginosa PAO1 to conserve energy enabling them to produce proteins that protect them at such elevated temperature.
Surprisingly, amongst the genes significantly downregulated in P. aeruginosa PAO1, are those of type IV pili genes. pilA, pilB, pilJ, pilO, pilQ (in ascending order) were all downregulated. P. aeruginosa expresses polar type IV pili for adhesion to various materials and twitching motility (Chiang, Habash & Burrows, 2005) . It has been reported that in dispersed P. aeruginosa PAO1 under nutrient-limiting conditions, biofilm dispersion is associated with a decreased expression of pilus (pilA) genes cells (Sauer et al., 2004) . In light of this, it appears that biofilm dispersion could be affected by elevated heat, as judged by the reduction in the expression of a myriad of type IV pili genes. In order to avoid the deleterious effect of heat shock P. aeruginosa PAO1 may disperse from the static biofilm and convert to planktonic cells which are free to escape the heated site.
To conclude, heat shock has a profound impact in the opportunistic pathogen P. aeruginosa PAO1. It affects a number of key genes related to a number of processes. Chief amongst these are chaperones, heat shock proteins, proteases, heat shock-related sigma factor, and posttranscriptional regulatory proteins (regulating secondary metabolism and the expression of virulence). In addition, genes involved in regulating quorum sensing, motility and membrane and pili and biofilm formation are also differentially regulated by heat shock. We believe that transcriptome analysis using RNA-seq technology can be a very useful approach to study gene expression profiling and further understand the mechanism employed by pathogens, especially in establishing an infection.
